Objective: To examine the relationship between ligamentum flavum thickness and clinical spinal stenosis. Design: A validation study. Setting: Clinical research laboratory. Patients: A total of 119 subjects from the Michigan Spinal Stenosis Study (MSSS). Methods: Two new measurement techniques were compared by use of magnetic resonance images of 4 asymptomatic subjects by 2 examiners. The technique with the best interrater reliability was then used to measure the ligamentum flavum at L4-L5 in 119 subjects in the MSSS who, on the basis of clinical examination without imaging, were thought to have lumbar stenosis, mechanical back pain, or no pain. These findings were related to other radiologic findings, demographics, clinical severity, and electrodiagnostic findings. Main Outcome Measurements: Perpendicular on the inside of the spinal canal from the deepest point of concavity of the lamina to the edge of the ligament. Results: The ligamentum flavum width measurement had high interrater (r ϭ 0.774) and intrarater (r ϭ 0.768) reliability. In 28 asymptomatic volunteers, ligamentum flavum width averaged 5.72 Ϯ 0.95 mm, with the left side significantly thinner than the right (t ϭ 2.117, P ϭ .044), and thicker ligaments with age (r ϭ 0.653, P Ͻ .001). Asymptomatic persons whom radiologists thought had stenosis had thicker ligaments (t ϭ 2.273, P ϭ .032). Persons with clinical stenosis (n ϭ 48) and mechanical pain (n ϭ 43) had ligament thickness similar to that of asymptomatic volunteers. Among patients with clinical stenosis, ligamentum flavum thickness did not relate to symptom severity (pedometer and laboratory ambulation tests, Pain Disability Index, and visual analog scale for pain). Most neurophysiological findings had no relationship with ligamentum flavum width, except the presence of limb fibrillation potentials related to a thinner ligament (t ϭ 2.915, P ϭ .004). Conclusions: The measurement technique is standardized for the ligamentum flavum for future use. Although the ligamentum flavum appears to get thicker with age, other factors, including clinical diagnosis, pain, and function, do not appear to relate to the ligamentum flavum width.
INTRODUCTION
The ligamentum flavum, which envelops the medial aspect of the facet joints, is thought to play a role in spinal disorders. This role was first hypothesized by Elsberg in 1913 when he noted that a torn ligamentum flavum can "compress the fourth lumbar root" [1] . Since then, others have suggested that the ligamentum flavum plays an important role in the spinal disease, most prominently spinal stenosis [2] [3] [4] [5] .
To date, most authors describe the ligamentum flavum in histological [6] [7] [8] , biochemical [4, 7, 9] , or biomechanical [6, 7] terms. Accurate measurement of the ligamentum flavum can help us to understand its impact on spinal disorders. Anatomical measurements of ligamentous thickness are less commonly used, and the techniques used for measurement are rarely described or validated [6] [7] [8] 10] . Experience in the assessment of other aspects of spinal anatomy has shown that it is important to make measurements in populations with and without clinical symptoms.
The authors of the Michigan Spinal Stenosis Study (MSSS) gathered magnetic resonance images along with clinical examinations and electrodiagnostic (EDX) parameters in a population of persons with clinically evident spinal stenosis, mechanical back pain, or no spine symptoms [11, 12] . This population can be used to describe the normal ligamentum flavum and to explore the relationships between ligament thickness and clinical findings. In the current study, we design and validate a technique for measurement of the thickness of the ligamentum flavum. This measurement technique is applied to a previously gathered, well-documented population of older persons with no symptoms, low back pain, or clinically apparent spinal stenosis.
METHODS
In summary, 2 different techniques for measuring ligamentum flavum thickness were designed and tested for interrater and test-retest validity. The most reliable of these was used in the clinical study. In the clinical study, investigators evaluated ligamentum flavum thickness in 3 groups of persons who had no symptoms, signs and symptoms of mechanical back pain without stenosis, or symptoms of lumbar spinal stenosis. The relationship between ligamentum flavum thickness and clinically relevant parameters was explored. These parameters include anthropomorphic data; masked clinical, radiological, and EDX impressions; and functional status, including laboratory walking tests. The study was approved by the university's institutional review board.
Part 1: Design of a Ligamentum Flavum Measurement Technique
To choose the optimal technique of measuring the thickness of the ligamentum flavum, magnetic resonance imaging (MRI) of 4 asymptomatic subjects were arbitrarily selected from a larger study population (MSSS, described in Part 2, Methods section, below) by a person who had no knowledge of the MRI findings. Two different techniques were used to measure the ligamentum flavum on the right and left side at 5 levels (L1-L5).
In method A (Figure 1 ), a perpendicular line is drawn down the midline of the spinal canal for reference. Two additional lines are drawn, one from the reference line to the anterior tip of the facet joint that is closest to the spinal canal, at a right angle to the reference line, and the other from the edge of the spinal canal along the initial line to the same point in the reference line, also at a right angle. One measurement is subtracted from the other to determine a measurement of ligamentum flavum thickness.
In method B, also shown in Figure 1 , the curvature of the internal border of the lamina is noted. At the deepest point of the curvature, a perpendicular is dropped to the surface of the ligamentum flavum. This perpendicular, usually the thickest part of the ligament, is the recorded measurement.
At times, it was difficult to precisely identify the anatomical landmarks required for measurement because of degenerative changes, shadows on the image, or the location of the slice. In these cases, 2 different techniques for finding the landmarks were used. The first was to look at the previous and subsequent slice for a clearer picture. In cases in which it was difficult to identify the deepest point of the curve in the lamina for method B, the location of the deepest point of the curve was confirmed by looking at the spinal canal on the other side of the ligamentum flavum; to a smaller extent, the spinal canal mirrors the dip in the lamina with a smaller protrusion.
Measurements were taken on 5 levels, L1/L2 to L5/S1, by the use of axial T2-weighted lumbar spine MRI. The criteria for deciding which MRI slice at each level was measured were defined according to 3 variables: the view of the disk afforded by the slice, the formation of the inferior facet joint, and the formation of the lamina. Initially, the slice that cut most directly through the disk was used. However, in the case in which there were 2 slices with relatively similar views of the disk, the slice that fit 2 of the 3 criteria was used. The first 2 sets of intrarater reliability measurements were performed by an undergraduate student who had no previous radiological experience. The second set of interrater reliability measurements was performed by a fourth-year medical student with some previous radiological experience. Each set of measurements was performed 24 hours apart. The reliability of 2 different methods for measuring the ligamentum flavum was then tested.
Part 2: Subjects, Clinical Measures, and Ligamentum Flavum Measures
The data for the current study were obtained from the MSSS. Methods for this prospective diagnostic and prognostic trial are described in detail elsewhere [12] . In brief, after we screened for confounding disease, including polyneuropathy, 139 subjects underwent extensive history and physical examination by musculoskeletal physiatrists who were blinded to any MRI or electromyography results. On the basis of this clinical information, the physiatrists characterized the subjects as having no back pain, mechanical back pain only, or clinical spinal stenosis. EDX and MRI were performed by blinded clinicians. For the purpose of the current article, subjects who were subsequently found on EDX to have polyneuropathy or who had missing or invalid diagnostic tests were removed from the analysis, leaving 119 cases.
MRI studies on all subjects included a non-contrast- EDX was performed by physiatrists who were board certified or eligible in EDX medicine and who were blinded to imaging and clinical information. Needle EMG was performed on 5 limb muscles on the clinically most painful side or a randomly chosen side if symmetrical or asymptomatic. Paraspinal mapping quantitative needle EMG of the L2-L5 innervated multifudus muscle was performed bilaterally. Sural sensory, peroneal motor, and H-wave nerve conduction studies were performed, all with the use of standard techniques. For the purposes of this study, the presence of 1ϩ fibrillation potentials in any limb muscle and a paraspinal mapping score of greater than 4 were considered abnormal.
Demographic and clinical data were obtained from the patient questionnaire. In addition, ambulation velocity in a 15-minute walking test and the number of steps taken in 7 days as measured by a pedometer (DIGI-WALKER, Model SW-701; Yamax, Tokyo, Japan) were collected.
A physician who had not seen the images previously and who was masked to the clinical diagnosis performed all subsequent measures by using Imagecast iPACS Viewer, version 10.3.9.91 (IDX Systems Corporation, South Burlington, VT). He first selected the midline sagittal T2-weighted magnetic resonance images of the lumbar spine at the L4-L5 interspace. Method B, which was shown in the previously mentioned experiment to be more reproducible, was used for all measurements.
Data were initially entered into an Excel (Microsoft Corp., Redmond, WA) spreadsheet and checked for errors. SPSS version 15.0 (SPSS Inc., Chicago, IL) was used to analyze the results after importing the cleaned Excel data into SPSS. A one-sample Kolmogorov-Smirnov test was conducted to test the normality of the distribution of the measurements of the ligamentum flavum (right, left, and the average of right and left). An independent-samples t-test was used to determine mean difference between 2 groups, and one-way analysis of variance was used for comparing the mean differences among 3 groups. The chi-square test of independence was used to examine group differences for categorical measures. Tests of strength of association between ligamentum flavum with demographics, pain, ambulation, and MRI anatomical measures were assessed by the use of Pearson correlation analysis. An alpha value of 0.05 was used for all statistical analyses.
RESULTS

Study Part 1: Design of a Ligamentum Flavum Measurement Tool
All subjects tended to have similar mean widths across all 4 levels when method A was used, ranging from 6.09 to 8.03 mm, whereas a larger range of measurements, from 3.31 to 6.08 mm, was observed with method B. However, method A had a larger standard deviation than method B. Because the measurements were examined from level to level, the mean width tended to increase from L1/L2, with the largest mean at L4/L5 when both measurement types were used. The total mean values for all subjects at all levels tended to be larger for the right than for the left side when both measurement methods were used. The total means for all subjects across all levels and on both sides was slightly larger with method A than with method B, as was the standard deviation.
Method A was associated with poor intrarater reliability and statistically significant moderate interrater reliability, 0.58, was statistically significant (Table 1) . Method B was more reproducible, with intra-and interrater reliability statistically significant, both at 0.77. Table 2 shows data measurements at a segmental level. Intrarater reliability reached significance (P Ͻ .05) in only 2 of 10 measurements with method A, interrater reliability was significant in 6 of 10 measurements with method B. Regarding interrater reliability, no segmental measurement was statistically significant for method A, whereas 5 of 10 measurements were significant for method B.
Study Part 2: Anthropomorphic and Clinical Relations to the Ligamentum Flavum
The population used for the second part of the study had a mean age of 65.1 Ϯ 7.59 years, and 32.8% (n ϭ 39) were male. The physiatrist's history and physical examination classified the subjects into 3 groups: asymptomatic (n ϭ 28), mechanical back pain (n ϭ 43), and clinical spinal stenosis (n ϭ 48). The blinded radiologist believed that 69 subjects had radiological stenosis. These groupings were used for examining the relationships between the ligamentum flavum and various demographic, pain, and functional measures, and anatomical parameters at the corresponding level.
In the 28 asymptomatic subjects, the mean (left and right) ligamentum flavum thickness (Ϯ standard Table 3 describes the relationship between ligamentum flavum thickness and various demographic, clinical, and radiological measures. The ligamentum flavum width was positively correlated with age (r ϭ 0.653, P Ͻ .001) but was inversely related to the anteroposterior thecal sac diameter (r ϭ Ϫ0.444, P ϭ .018) and thecal sac area (r ϭ Ϫ0.433, P ϭ .021). The ligamentum flavum was significantly thicker in the 15 asymptomatic volunteers whom radiologists thought had stenosis compared with the 13 whom they believed did not have stenosis (6.07 Ϯ 1.03 mm vs 5.31 Ϯ 0.67 mm, t ϭ 2.273, P ϭ .032). All other measures showed no significant relationship to ligamentum flavum width. Table 4 seeks relationships between the 3 clinically defined populations and ligamentum flavum thickness. Of 69 persons whom the radiologist believed had stenosis, 29 had clinically defined stenosis, 25 had low back pain, and 15 were asymptomatic. No relationship was observed between ligament thickness and the clinical diagnosis of stenosis.
Among persons who did appear to have clinical spinal stenosis, no relationship was found between the L4-L5 ligamentum flavum width (averaged left and right) and any of the measures of clinical severity (pedometer walking distances per day or per week, 15-minute ambulation velocity, Pain Disability Index score, and visual analog scale score for pain), with P Ͼ .15 in all instances. EDX evidence for nerve involvement was compared with ligamentum flavum width on the same side as the limb that underwent EDX testing. Interestingly fibrillations in the limb muscles related to a somewhat smaller ligamentum flavum: of 119 EMG studies, 24 had fibrillation potentials, and their ligaments averaged 4.88 mm (Ϯ0.78), whereas the remaining 95 subjects had a ligament width of 5.69 mm (Ϯ 1.31), t ϭ 2.915, P ϭ .004. All other measures, including motor AP ϭ anteroposterior; EMG ϭ electromyography; PDI ϭ Pain Disability Index; VAS ϭ visual analog scale. *Statistical testing was not performed because of low count in one or more group(s). unit changes in the leg, paraspinal mapping, and H-wave testing, showed no relationship to ligament width.
DISCUSSION
The width of the ligamentum flavum is commonly noted on imaging studies; however, until this study, there has not been a validated quantitative measure, and normative values have not been published for MRI findings in older persons. This study provides these data and seeks association between ligamentum flavum thickness and clinically relevant factors.
Design of a Ligamentum Flavum Measurement Tool
In this part of the study, we found that method A was mathematically precise but tangential to the ligament thickness, resulting in potential errors. Method B appeared to require some judgment, but the judgment may not be critical, as reliability was good even when measured by an undergraduate and a medical student. Method B resembled the method used by Fukuyama et al [6] . However, the location measured by Fukuyama et al [6] was based on a determination of the thickest part of the ligament, which can be subjective. We used bony landmarks to decrease that subjectivity. For method B, we found both good interrater measurements and good intrarater measurements. However, for method A, we found moderate interrater and poor intrarater measurements. Method B has additional strength because of the extent to which it reflects only the width of the ligament. Although method A reflects the width of the ligament, it reflects a component of the ligament length as well. Method A also requires twice as many measures as method B, which introduces twice the potential for measurement errors. We advocate use of method B in future studies of the ligament thickness.
Anthropomorphic Measures
Evaluation of the ligamentum flavum in asymptomatic volunteers can provide normative data and help us to understand factors that may cause the ligament to thicken. The population represented a range of heights and body mass indexes, which resulted in a reasonable range of measurement possibilities. Because the ligamentum flavum thickness increases with age [13] (and the spinal canal does not compensate by getting larger), it makes sense that the thecal sac measurements would decrease as the ligament increases. In the current study, we could not determine whether this increase in thickness with age relates to hypertrophy (perhaps in response to stressors) or to redundancy (perhaps related to relaxation of the ligament as the intervertebral space becomes smaller with disk collapse). The significantly thicker right-sided ligament may relate somehow to the fact that most persons are right handed; however, the mechanism for this relationship is not clear.
Clinical Relationships With the Ligamentum Flavum
Because the ligamentum flavum occupies the spinal canal, it is legitimate to question whether increased thickness of the ligamentum flavum has a relationship with the clinical syndrome of spinal stenosis. This relationship could develop in causal or coincident ways. As a direct cause, hypertrophy or redundancy could simply occupy space that the other canal contents need, causing stenosis symptoms. However, the hypertrophy or redundancy could be a marker for segmental hypermobility, and the hypermobility alone could then be the cause of stenosis. In this second instance, we would hope to see cases of stenosis symptoms in persons whose canals are "adequate" while they are lying supine in the scanner but whose ligaments are thicker than normal.
Another group recently examined ligamentum flavum thickness in an uncontrolled study of more than 200 MRIs; they concluded that redundancy is the reason for thickness [13] . Our data, however, demonstrate no good relationship between ligamentum flavum thickness and clinical diagnosis, level of pain, or level of disability. This finding parallels previously published analyses of numerous measures of the spinal canal and thecal sac diameter and area from the MSSS study [12] . In that report, a statistically significant relationship between the anteroposterior spinal canal diameter and clinically diagnosed stenosis was found; however, it had no discriminant value. The many other measures of the area and diameter of the canal and thecal sac did not relate to clinically diagnosed stenosis.
The radiologist reported spinal stenosis in a number of our clinically asymptomatic subjects. The current data indicate that this reporting behavior related to the thickness of the ligamentum flavum. This relationship may be an epiphenomenon related to a smaller thecal sac or the radiologists may consciously or subconsciously believe that a thicker ligament relates to stenosis. Regardless, the results of this study will encourage radiologists to avoid any conscious or subconscious inclusion of the ligamentum flavum thickness in drawing a conclusion about radiological stenosis.
It is curious that a thin ligamentum flavum correlated strongly with the presence of fibrillation potentials on the limb EMG examination. In the MSSS and a subsequent study, fibrillations on EMG had a very good relationship with the clinical presentation of stenosis and with a very low falsepositive rate [12, 14] . Innervation has no known hypertrophic affect on ligaments. Perhaps, contrary to the previous discussion, a thin ligamentum flavum is actually the cause of, or a marker for, hypermobility.
The study methodology has a number of strengths in that it involves masked, validated measures in persons with a range of clinical presentations. However, for anthropometric purposes, it is important to note that 28 asymptomatic volunteers is a relatively small sample. A larger study may find more subtle positive relationships between the ligamentum flavum and factors such as obesity, body size, and even clinical presentation. We also only measured the ligamentum flavum at L4-L5 for the current study. However this is the most common level for radiological spinal stenosis to occur [12, 13] .
CONCLUSION
The ligamentum flavum can be measured accurately; however, within the limits of this study, measures of ligament thickness do not appear to relate to most clinically relevant information.
